Most drinking water industries are closely examining options to maintain a certain level of disinfectant residual through the entire distribution system. Chlorine dioxide is one of the promising disinfectants that is usually used as a secondary disinfectant, whereas the selection of the proper monitoring analytical technique to ensure disinfection and regulatory compliance has been debated within the industry. This research endeavored to objectively compare the performance of commercially available analytical techniques used for chlorine dioxide measurements (namely, chronoamperometry, DPD (N,N-diethyl-p-phenylenediamine), Lissamine Green B (LGB WET) and amperometric titration), to determine the superior technique. The commonly available commercial analytical techniques were evaluated over a wide range of chlorine dioxide concentrations. In reference to pre-defined criteria, the superior analytical technique was determined. To discern the effectiveness of such superior technique, various factors, such as sample temperature, high ionic strength, and other interferences that might influence the performance were examined. Among the four techniques, chronoamperometry technique indicates a significant level of accuracy and precision. Furthermore, the various influencing factors studied did not diminish the technique's performance where it was fairly adequate in all matrices. This study is a step towards proper disinfection monitoring and it confidently assists engineers with chlorine dioxide disinfection system planning and management.
INTRODUCTION
Disinfection is the last treatment stage of a drinking water treatment plant and is carried out to maintain a residual concentration of disinfectant in the water distribution system (Sorlini et al. ) . The goal of the secondary disinfection is to maintain a disinfectant residual throughout the distribution system, so that a nominated residual is achieved even at the system extremities (WHO ). Chlorine dioxide is an oxidant that can be reduced in a variety of ways, depending on the system conditions and the nature of the reducing agent (Gates & Don ) . Chlorine dioxide is a powerful disinfectant that has comparable biocidal efficacy, but less pH dependence (Chang does not produce THMs and total HAAs to a significant extent compared to chlorine (Jones et al. a, b; Shah et al. ; Shaoxiu et al. ; Yang et al. a, b) .
Furthermore, chlorine dioxide is effective in controlling tastes and odors (Li et Nevertheless, the use of ClO 2 is not without drawbacks or risks. The potential hazard is attributed to its inorganic toxic by-products, namely chlorite (ClO 2 À ) and chlorate (ClO 3 À ), which have toxicological effects on both the environment and humans at high doses (Xue et al. ;
Yi-Tze et al. ).
Several alternative analytical techniques for chlorine dioxide monitoring have long been available. However, many of these analytical techniques present their own peculiar sets of problems.
This paper endeavors to evaluate the most popular and widely used analytical techniques for chlorine dioxide measurements in drinking water systems.
Currently, there are four widely used analytical techniques for determining chlorine dioxide levels in drinking water systems. Those analytical techniques are as follows:
1. Amperometric titration. These analytical techniques, along with the chemistry involved, are briefly described below.
Amperometric titration
To determine the levels of ClO 2 , chlorine, ClO 2 À and ClO 3 À that exist in any aqueous solution, amperometric titration is the one of the preferable analytical techniques. Phenylarsine oxide (PAO) is the titrant used for such determination, and the sample pretreatment required to differentiate between the various chlorine species present can be accomplished by pH adjustment (Tang & Gordon ) . This procedure in no way attempts to distinguish between free and combined chlorine. LGB was selected for evaluation because it appeared to have the least number of potential interferences.
Chlorine dioxide rapidly oxidizes the LGB WET, reducing its absorption in the red region of the visible spectrum in proportion to the Chlorine dioxide concentration (Hoffmann et al. ) .
Chronoamperometry (ChlordioXense ® ) technique
The ChlordioXense ® uses a recently developed electrochemical analytical technique known as chronoamperometry.
Chronoamperometry is an electrochemical analytical technique in which the potential of the working electrode is stepped (a fixed voltage is applied) and the resulting current from faradic processes occurring at the electrode (caused by the potential step and chlorine dioxide reduction) is moni- This code is used to construct a calibration curve that exactly matches the sensor batch. A pre-programmed, plug in calibration chip is provided with each pack of sensors to automatically enter the calibration code into the instrument.
The objective of this work is to evaluate the widely used commercial analytical techniques for chlorine dioxide measurements to properly monitor disinfectant levels in desalinated drinking water, using the superior technique.
The evaluation matrix includes the following factors:
• Accuracy and precision.
• Possible/Minimum detection limits. 
MATERIALS AND METHODS

Reagent water
Pure and ultra-pure water were utilized. Both types of water were produced through Millipore ® water purification systems.
Glassware preparations
Prior to the beginning of the study, all glassware was carefully prepared according to a multi-stage process, which began with its overnight soaking in a 1:1 nitric acid bath.
The glassware was then rinsed five or six times in type II pure water, rinsed the same number of times in distilled water and then allowed to air dry. All pipettes, beakers, and volumetric flasks were prepared in a like manner.
Vial cleaning for reuse
Vials were reused. Prior to reuse, they were thoroughly cleaned with soap and water and rinsed several times with reagent water. Vials (without caps) were dried in an oven at 140 W C. Reusing vials may help avoid any potential for bias associated with chlorine dioxide demand of the glassware.
Reagents and chemicals for different analytical techniques
All chemicals were ACS grade unless otherwise noted.
Amperometric titration technique
The following reagents were purchased from HACH ® Company: PAO titrant (0.00564 N), hydrochloric acid standard solution, 2.5 N, phosphate buffer pH 7, w/dropper potassium iodide.
DPD technique
The DPD free chlorine powder pillow and glycine reagents were purchased from HACH ® Company.
LGB WET technique
Lissamine Green B, horseradish peroxidase (HRP) reagents were purchased from Sigma ® Company.
Chronoamperometry technique
ChlordioXense ® sensors were utilized.
Preparation of chlorine dioxide standard solution (American Public Health Association 2012)
A stock solution of chlorine dioxide was prepared according to the Standard Analytical technique 
Detection of statistical outliers
Developing strategies to search for outliers and understanding their statistical impact are extremely important parts of a thorough analysis, particularly when statistical analytical techniques will be applied to the data. One simple, straightforward, and effective approach to outlier detection is to compute the inter-quartile range (IQR) and then use a multiple of it as a number that defines values considered outliers. The IQR analytical technique was used to identify the problematic outliers in the result set where outliers were calculated based on first quartile (Q 1 ), third quartile (Q 3 ), and inter-quartile range (IQR) values. Should any result lie below Q 1 À (3* IQR) or more than Q 3 þ (3* IQR), such value should be considered a problematic outlier. Any problematic outlier will be filtered and eliminated and statistical analysis for such set of results should be recalculated again.
Raw water source (American Public Health Association
2012)
Given that the raw water should contain zero levels of chlorine dioxide but also should represent the same matrix normally found in the desalinated drinking water, an intermediate point within the desalination process was selected to fulfill both requirements. The point representing desalinated water after remineralization process just before the addition of any disinfectant was selected.
RESULTS AND DISCUSSION
Raw water source analysis
Analysis for raw water samples indicates typical desalinated water analysis. Given that raw water was collected before the disinfection process, no chlorine dioxide levels were detected.
Evaluation matrix for all analytical techniques
Accuracy and precision at 27 W C To present the data in a way that precision and accuracy of the measurements could be determined properly, the probability normal distribution for each measurement had been calculated using the following equation: At medium range (0.5 mg/L chlorine dioxide). The 25 repeated measurements for 0.5 mg/L chlorine dioxide standard concentrations utilizing the four different techniques were performed and results were recorded. The probability density for the entire set of results was calculated using probability formula and then presented graphically in Figure 1(b) where a straight vertical line was introduced at 0.5 mg/L chlorine dioxide standard concentration. and 4.0%, respectively) indicating good precision, the accuracy for DPD technique was lower but not that far from chronoamperometry given that Bias % for both techniques was 6.5% and 3.3%, respectively.
Based on both accuracy and precision, the four analytical techniques were ranked as follows:
Chronoamperometry > DPD > amperometric titration > LGB WET:
At high range (0.80 mg/L chlorine dioxide). The 25 repeated measurements for 0.8 mg/L chlorine dioxide standard concentrations utilizing the four different techniques were performed and results were recorded. The probability density for the entire set of results were calculated using probability formula and then presented graphically in Figure 1(c) , where a straight vertical line was introduced at 0.8 mg/L chlorine dioxide standard concentration. LGB The chronoamperometry analytical technique did considerably better and achieved the superior accuracy and precision even compared to the DPD results.
Analytical technique detection limits (MDL)
Given that chronoamperometry analytical technique has the lowest detection levels (0.02 mg/L) among the rest of the analytical techniques (0.05 mg/L for both DPD and LGB WET), chronoamperometry would have the advantage in such a comparison.
Time and skill required for implementation of the analytical technique (time consumption)
Utilizing a digital stop watch, the actual time to perform one sample (from start till results' availability) was determined.
The test was repeated three times each and the average value was taken for each analytical technique. Table 2 shows the time spent to perform chlorine dioxide measurements.
Therefore, the four analytical techniques could be ranked based on their time consumption as follows:
LGB WET > amperometric titration > DPD ! chronoamperometry:
Both amperometric titration and LGB WET analytical techniques were more cumbersome and time-consuming to perform than either the DPD or chronoamperometry analytical techniques. Moreover, it is quite difficult to complete these techniques in the site/field. For this reason, they are less desirable even for routine use. Thus, the chronoamperometry analytical technique ultimately proved superior.
Evaluation matrix conclusion
Based on the predefined evaluation matrix, chronoamperometry is the best commercially available analytical technique to measure ClO 2 in finished drinking water. 
Performance at various sample temperatures
Sample temperature is widely understood to affect some of the analytical techniques performances, which could adversely affect technique robustness and precision. To address this concern, the impact of sample temperature on the chronoamperometry analytical technique performance was tested at the three different chlorine dioxide standard concentrations (0.15, 0.5, and 0.8 mg/L). Each standard chlorine dioxide concentration was tested 15 times and the temperature regime included three different temperatures (15, 20, and 35 W C). Results for these three different temperatures were compiled with results previously achieved at 27 W C and were studied to evaluate the performance at a wide range of temperature regimes. F-test (P-value) for all ionic strengths (in reference to zero level NaCl) and all chlorine dioxide standard concentrations (0.15, 0.5, and 0.8 mg/L) shows values higher than 0.05 indicating that variances are assumed to be equal.
Given that P-value (for T-test with equal variance) was higher than 0.05, the difference in means for all concentrations (in reference to zero level NaCl) is not significant.
Given that all results (at all chlorine dioxide tested concentrations) were within a reasonable and a very good tolerance, high ionic strength samples (such as sea water with up to 30 g/L NaCl) had not diminished the chronoamperometry technique's performance. The chronoamperometry technique was fairly adequate in all matrices. F-test (P-value) for all ionic strengths (in reference to zero level NaCl) and all chlorine dioxide standard concentrations (0.15, 0.5, and 0.8 mg/L) shows values higher than 0.05 indicating that variances are assumed to be equal.
Given that P-value (for T-test with equal variance) was higher than 0.05, the difference in means for all concentrations (in reference to zero level chlorite) is not significant.
Given that all results (at all chlorine dioxide tested concentrations) were within a reasonable and a very good tolerance, it was determined that the effect of chlorite on the chronoamperometry technique performance was negligible over the range of chlorite concentrations that are likely to be encountered in the drinking water samples.
Impact of free chlorine
To quantify the response of the chronoamperometry analyti- 
CONCLUSIONS
In order to ensure delivery of high quality drinking water from treatment plants to customers, maintaining adequate levels of disinfectant is very important, therefore it is necessary to properly monitor the disinfection levels in drinking water.
Research has long been conducted and will continue to be performed on the topic of analytical techniques comparison. This research provides a unique insight into the comparison of a commercially available analytical technique for measuring chlorine dioxide in desalinated drinking water. The research work deliverables will aid not only in determining the correct concentration of a disinfectant in a solution, but also in disinfection planning/management including boosters.
The research work indicated the following:
• Based on the predefined criteria for selection of the best commercially available analytical techniques, none of the analytical techniques came close to ideal standards.
• Over a wide range of ClO 2 concentrations, the chronoamperometry and the DPD analytical techniques possess improvements over the most common analytical techniques, namely the amperometric titration and the
LGB WET, which suffer from lack of precision, accuracy, skewed response, and relatively high detection limits.
• The chronoamperometry technique can be determined to possess several distinct advantages over the DPD technique; it is more sensitive, precise, and accurate. Lower detection limits and relatively small analysis time likewise signify that the chronoamperometry technique is more convenient.
• Based on the evaluation of predefined criteria, the four analytical techniques would be rated as follows:
Studying various factors that might influence the chronoamperometry technique's performance indicates the following:
• At decreased sample temperature (closer to or less than 27 W C), no noticeable change was observed on the chronoamperometry technique performance. Although the performance was acceptable at 35 W C, it is preferable to cool down the water samples to a temperature below or closer to 27 W C to negate the possible negative contribution of chlorine dioxide volatility on the technique performance.
• High ionic strength samples (such as sea water with up to 30 g/L NaCl) did not diminish the technique's performance, where it was fairly adequate in all matrices.
• It was determined that the effect of chlorite on the technique performance was negligible over the range of chlorite concentrations that will likely be encountered in the drinking water samples.
• Even small concentrations, free of chlorine show positive interference on the chronoamperometry analytical technique, however the addition of glycine drops prior to carrying out the chlorine dioxide measurements removes such effect.
Given that the performance of the chronoamperometry analytical technique was proved superior to the other techniques while it shows robustness and quite stable performance against the different interference constituents, it is recommended for the monitoring of ClO 2 in desalinated drinking water. A deeper understanding of the other oxidative species influence on the accuracy of measurements would be recommended for future studies and research.
On the other hand, the study deliverables can confidently assist chlorine dioxide disinfection planning/ management in drinking water distribution systems. Moreover, this study can aid in the decision variables (design, placement, number of stations, and operation control and operation optimization strategies) for primary and booster chlorine dioxide disinfection systems in water distribution systems.
